The mineralogy and structure of cements in the system Mg(OH) 2 5NaAlO 2 5SiO 2 5H 2 O are investigated, with a view toward potential application in the immobilisation of Mg(OH) 2 5rich
Introduction
During the past 60 years, the UK has relied on Magnox nuclear power plants for a significant portion of its electricity supply. These are CO 2 cooled, graphite moderated reactors using natural uranium fuel clad in a magnesium alloy (Magnox), of which 26 reactor units were constructed and operated in the UK. Cooling and reprocessing of spent fuel from these reactors has, over half a century, resulted in the accumulation of significant quantities of corrosion products and sludge due to degradation of the magnesium alloy fuel cladding during storage in cooling ponds and silos. This sludge consists primarily of Mg(OH) 2 with small quantities of hydrotalcite and artinite 152 , along with an assortment of radioactive fission products and metallic residues. The radioactivity of this sludge is such that it is classified as Intermediate Level Waste (ILW), requiring conditioning by solidification in an appropriate matrix prior to disposal. Ongoing decommissioning of legacy facilities containing this type of sludge has reinforced the need for research into suitable encapsulation methods, to ensure that suitable potential immobilisation or encapsulation matrices are available for deployment in the safe and cost5effective disposal of these wastes. 3 Typically in the UK, ILW waste streams are conditioned within composite cements consisting of a blend of either blast furnace slag (BFS) or fly ash (FA), with Portland cement (PC) 354 . The chemistry of these blended cements is well understood, with decades of operational usage in waste cementation. These grouts have been assessed for immobilisation of Magnox sludges, and
give solid monoliths with little reaction between the cementitious components and the sludge at early ages 556 . Within the principal strength5giving phase in Portland cements, a calcium silicate hydrate (C5S5H) type gel, there is little uptake of magnesium. Under specific conditions both C5 5S5H and magnesium silicate hydrate (M5S5H) type gels can form, though at the higher pH levels achieved within undamaged PC systems, magnesium is likely to remain as Mg(OH) 2
758
. This is in line with the known limited solubility of Mg(OH) 2 in alkaline media, although the longer term reactivity of Mg(OH) 2 within these systems has not yet been quantified. Although such grouts can safely encapsulate the wastes, this method is not optimal in reducing the overall volume of waste packages, as only moderate quantities of the sludges can be encapsulated without hindering the hardening of the wasteform 6 .
In an earlier study by the authors 9 , cementitious binders within the Mg(OH) 2 5NaAlO 2 5SiO 2 5H 2 O system were studied up to 90 days of age, and the formation of a range of zeolites was identified, depending on the Si/Al ratio. Although the inclusion of NaAlO 2 significantly reduced the setting time of these binders, there was no evidence for M5S5H gel formation, with or without Al substitution. Instead, a layered double hydroxide with a hydrotalcite5like structure was observed in one of the formulations assessed, and it was noted that this may be potentially valuable in binding radionuclides, in particular I 5 and TcO 4 5 along with Cs + and Sr 2+ 10511 , of which significant quantities exist within Magnox sludge 12 . 4 The utilisation of Mg(OH) 2 as a raw material reacting to form a binding phase could potentially enable a reduction in wasteform volume compared to the current baseline grout formulations.
Other alternative cements are able to perform in this way, however they also have certain This study further evaluates phase evolution in Mg(OH) 2 5SiO 2 5NaAlO 2 5H 2 O samples cured for up to 2 years, to identify whether this combination of mix components may be tailored to achieve desirable long5term characteristics. Fresh pastes were assessed through isothermal calorimetry, while fresh (up to 120 h cured) and aged (up to 2 years cured) hardened specimens were characterised via X5ray diffraction, thermogravimetry coupled with mass spectrometry, and solid state 27 Al, 29 Si and 25 Mg magic angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 was kept constant at 0.6. The binder compositions are shown in Table 1 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   6 To produce each cement sample, dry powders were mixed together by hand to produce a homogeneous blend, to which the required quantity of distilled water was added to achieve w/s = 0.6, and further mixed for 5 minutes to produce a workable paste. Samples were cast into 15 mL centrifuge tubes and cured at 40 °C and 95% relative humidity in a Sanyo Atmos Chamber MTH52400, until analysis.
Tests conducted
Isothermal calorimetry was undertaken for fresh pastes using a TAM Air calorimeter (TA Instruments) at 40 °C. Raw materials and water were preheated to 40 °C using an oven, then mixed externally and weighed into a polymeric (HDPE) ampoule. This was placed into the calorimeter, and the heat output measured for 30 days (720 hours), with heat flow normalized to the total sample mass (unless otherwise noted) in each sample.
Hardened paste samples were removed from the curing chamber at specified ages, and dried in a vacuum desiccator (13.3 kPa) over silica gel and solid NaOH for 6 hours to ensure the cessation of reaction and the removal of adsorbed water. Samples were then ground in an agate mortar and sieved to 563 µm for analysis.
X5ray diffraction analysis of young (24, 65 and 120 h cured) and aged (2 years cured) specimens was undertaken using a STOE STADI P diffractometer (Cu Kα radiation, 1.5418Å) with an image plate detector (IP5PSD), collecting data between 3.5560° 2θ. Data were angle corrected using an external silicon standard (NIST 640d). were continuously recorded. The samples were assessed at a heating rate of 5ºC/min up to 900 ºC, using alumina crucibles and nitrogen as a purge gas (20 mL/min). 27 Al and 29 Si MAS NMR spectroscopy was performed on a Varian VNMRS 400 (9.4 T) spectrometer. 27 Al MAS NMR spectra were collected at 104. Chemical shifts were externally referenced to MgO. mixing, and formed viscous pastes. In the heat release curves ( Figure 1 ) it is identified that each sample exhibits four distinct regions of interest, <1 h, 1520 h, 20570 h and 705140 h. The region <1 h, corresponding to the induction period, shows the heat release associated with a combination of instrumentation effects due to emplacement of samples, and the initial dissolution of NaAlO 2 (followed by the heat of solution for NaOH formed 17518 ) which produced pastes that were notably hot to touch within minutes of mixing. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 Each of the samples exhibited an exothermic peak in the region 1520 hours (with R3.0 and R3.3 exhibiting earlier, sharper heat output peaks than R2.0 and R1.3), which is assigned to dissolution of NaAlO 2 , alkaline dissolution of SiO 2 and initial precipitation of Al(OH) 3 , discussed in more detail below. This is followed by a dormant or induction period of low heat output, lasting 20560 hours. After the dormant period, a high intensity peak corresponding to the acceleration5deceleration stage of the reaction was observed. During this stage a significant nucleation and growth of reaction products must be occurring in the samples assessed.
Results and discussion

Early age reaction processes
The time of onset of the acceleration period changes significantly upon lowering the SiO 2 /Al 2 O 3 ratio of these binders. The acceleration5deceleration period for samples with a higher silica content (R3.3 and R3.0) is observed between 30560 hours. The formation of two overlapping but distinct heat release peaks indicates that different types of reaction products are precipitating at different times during the reaction process. Conversely, in samples containing less silica (R2.0 and R1.3), the second peak is less distinct, resulting in a single asymmetric peak observed after 75 to 150 hours of reaction, which appears latest in R1.3, the sample with the lowest silica content among the samples tested.
To identify the phases forming at the early stages of the reaction of these binders, X5ray diffraction (XRD) analysis was carried out on pastes cured under identical conditions to those used during the calorimetry test, at times where the higher rates of heat release were identified (24, 65 and 120 hours). After 24 h of reaction (Figure 2A ), the only crystalline phases identified in these binders were unreacted brucite (Mg(OH) 2 , powder diffraction file (PDF) # 01507452220) and traces of poorly crystalline bayerite (α5Al(OH) 3 , PDF # 00502050011). No crystalline Figure 2C) shows the formation of the LTA zeolite in all of the samples assessed. Regardless of chemical composition, after the initial reaction takes place in these binders, the main crystalline reaction products identified are Al(OH) 3 and LTA.
Page 10 of 32
ACS Paragon Plus Environment
Industrial & Engineering Chemistry Research   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Cumulative heat release curves normalised to the total mass of paste ( Figure 3) show that the heat released is dominated by the reaction between SiO 2 and NaAlO 2 to form LTA, with some contribution from excess NaAlO 2 . Given the composition of LTA (Na 12 
X ray diffractometry of aged samples
The diffractograms of samples R1.35R3.3 after 28, 360 and 720 days of curing are shown in . In sample R1.3, the LTA observed after 120 h ( Figure 2C ) was not longer observed at 28 days, with only Na5X, Mg(OH) 2 and traces of a sodalite5type structure. This corresponds to basic After longer curing times, the trends in the zeolite assemblages within these samples diverge.
Samples R3.0 and R3.3 ( Figure 4) Although sample R1.3 forms this additional magnesium5containing phase, all of the samples display strong reflections for Mg(OH) 2 , suggesting that little reaction between the aluminosilicate components and Mg(OH) 2 has occurred up to 720 days of curing, except in R1.3.
No evidence for the presence of an M5S5H phase can be detected (this would typically be identified from broad features at 20, 35 and 60° 2θ 7, 16 ), even in the mixture R3.3 which was formulated to provide a large quantity of SiO 2 available for reaction. 26 . For brevity this was labelled a 'hydrotalcite5like' phase in Figure 4 , however as the samples were cured in a sealed container, this is likely to preclude much CO 2 ingress leading to formation of true (carbonate5 containing) hydrotalcite. To determine the nature of this LDH, thermogravimetric analysis was undertaken with an attached mass spectrometer to distinguish between H 2 O and CO 2 evolution, as shown in Figure 5 . 
Layered double hydroxide identification by thermal analysis
Solid state NMR spectroscopy
Although various crystalline phases have formed within these cements, the presence of diffuse scattering in many of the XRD patterns (e.g. at ~20° 2θ in Figure 4C and D) suggests either that unreacted silica fume remains, or that non5crystalline reaction products are forming. To further elucidate this, 27 Al and 29 Si MAS NMR spectra were measured for all of the samples after 360 and 720 days of curing. The 3605day data are shown in Figure 6 . Figure 4 .
High field 25 Mg MAS NMR spectra were also collected to clarify the role of Mg within this binding system. These data are shown in Figure 7 for sample R3.3 at 360 days of curing. The experimental data were fitted with simulations based on established literature values for magnesium minerals 16, 37 (Table 2) , and found to represent predominantly Mg(OH) 2 , with some MgO present as an impurity. M5S5H would present a diffuse resonance centred at ~0 ppm at this field strength 16 . As the experimental data can be fitted well using a simulation describing Mg(OH) 2 and MgO alone, no M5S5H can be said to exist within this sample. Equally, as no other 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   22 Mg sites are observable, the formation of an Al5bearing M5A5S5H phase can also be excluded.
Unfortunately, restricted access to in5demand equipment precluded the collection of data for sample R1.3 which contains hydrotalcite5group phases Figure 7 . 25 Mg MAS NMR spectra of sample R3.3 at 360 days of curing, with experimental data, simulation, and component peaks 2 11.7 3.1 0
All of the samples were analysed again after curing for 720 days, to determine whether there were any further changes over time. The NMR spectra remained similar for samples R3.0 and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   23 R3.3, with only minor shifts in peak positions in both 27 Al and 29 Si MAS NMR (Figure 8 ). These samples all exhibit broad signals in their 29 Si spectra, and are deconvoluted in Figure 9 . Samples R1.3 and R2.0, however, do show changes from 360 to 720 days, consistent with their changing zeolite assemblages identified by XRD ( Figure 5) . In sample R1.3, a second peak appeared at 584 ppm, consistent with an increase in the observed Na5X content, while in sample R2.0 the peak at 586.5 ppm (identified as sodalite) increased in intensity, while that assigned to LTA (589.1 ppm) disappeared entirely; both of these trends are in full agreement with the XRD assignments.
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Industrial & Engineering Chemistry Research   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24 Figure 8 . (A) 27 Al and (B) 29 Si MAS NMR spectra of pastes within the system Mg(OH) 2 5 NaAlO 2 5SiO 2 5H 2 O, after 720 days of curing Deconvolution was undertaken on the 29 Si MAS NMR spectra for samples R3.0 and R3.3, which both display broad features. Alongside the prominent peak at 589.1 ppm, assigned to LTA (Q 4 (4Al)), are four additional broad peaks centred 585.8, 592.7, 599.6 and 5109.3 pm. The peak at 5109.3 ppm can be assigned to fully polymerised Q 4 species in unreacted silica fume. The next peak downfield, at 599.6 ppm, is assigned to Q 3 species formed through surface hydroxylation of the silica fume due to partial dissolution, forming Q 3 (>Si5OH single silanol) sites surrounding an unreacted Q 4 silica fume core 38 . The two remaining peaks at 592.7 and 585.8 ppm are assigned to Q 3 (1Al) and Q 2 (1Al) sites respectively. Both of these sites occur as the Al(OH) 4 5 released by sodium aluminate dissociation form either surface Q 3 (1Al), or further depolymerised Q 2 (1Al) units.
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Conclusions
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